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Abstract
 .We report correlation function quantum Monte Carlo CFQMC calculations of the vibrational levels on the silanone
potential energy surface developed by Koput and co-workers. We computed the vibrational modes up to 3500 cmy1 and up
to the fifth excited vibrational mode. Our results are in agreement with those reported by Koput et al. These results are
important to future theoretical and experimental investigation of the H SiO molecule, as spectroscopic data in this system2
are scarce. q 2000 Elsevier Science B.V. All rights reserved.
1. Introduction
The determination of the properties of small sili-
con-containing molecules has been the focus of at-
tention of both experimental and theoretical studies
w x1–3 . These molecules and ions of decomposition
 .Si, O, H may play an important role in interstellarn
w xchemistry 4 . One of the simplest molecules in this
 .series, with a closed shell, is H SiO silanone .2
Thus, becoming one of the primary targets of study.
The study of silanone is also of technical interest, as
this molecule is predicted as a precursor of deposi-
w xtion for silicon dioxide films 5,6 .
However, as silanone is a highly reactive species,
there has been only a few precise spectroscopic data,
like the rotational spectrum in the millimeterwave
w xrange 7,3 . As a consequence of this lack of experi-
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mental results, the theoretical determination of the
rotational and vibrational spectra plays a very impor-
tant role, and therefore a high quality potential en-
 .ergy surface PES is highly desirable. For many
years, the theoretical study stayed centered on the
determination of the equilibrium geometry, funda-
mentals and harmonic frequencies, and the anhar-
monic force fields of the H SiO and its isomers,2
always using semi-empirical or ab initio electronic
w xcalculations 8–14 .
w xOnly recently, Koput and co-workers 15 have
developed a full 6-dimensional potential energy sur-
face and have computed some vibrational and rota-
tional energy levels of silanone, H SiO. In particu-2
lar, they have utilized the Coupled Cluster with
singles and doubles corrected to triple excitations
  ..CCSD T with a correlation correction up to a
 . w xquintuple-zeta basis set cc-V5Z 16,17 in order to
calculate the ab initio points and they employed the
 .Simons–Parr–Finlan SPF expansion up to sextic
w xorder 18 in order to fit the PES.
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In this work, we utilize the PES developed by
w xKoput et al. 15 in order to compute the vibrational
energy levels of silanone utilizing the correlation
 .function quantum Monte Carlo CFQMC method
w x19,20 . The CFQMC method, like the other quan-
tum Monte Carlo methods, is based on the stochastic
w xprinciple 21 and has been successfully applied to
the computation of excited rotational and vibrational
energy levels of up to tetraatomic molecules
w x19,20,22–25 . We have computed the vibrational
levels of H SiO up to 3500 cmy1 and up to the fifth2
excited vibrational mode. Our results are comparable
to the ones reported by Koput et al. using the
perturbational and the variational approaches and to
w xthe Martin’s results for fundamental frequencies 14 .
This Letter is organized as follows, in Section 2
we give a short description of the CFQMC method,
in Section 3 we present our results and discussion,
the final section is dedicated to our concluding re-
marks.
2. Correlation function quantum Monte Carlo
To obtain the rovibrational energy levels is neces-
sary to solve the following eigenvalue problem:
HF R sE F R , 1 .  .  .i i i
where H is the Hamiltonian of the system,
N 2"
2Hsy = qV R , 2 .  . i2miis1
m is the mass of particle i, R is the vector of 3Ni
 .coordinates, V R is the potential energy surface,
and E and F are the eigenvalues and eigenvectorsi i
of H, respectively.
  .4Let f R be a trial basis set of m knowna
functions, we can define the overlap and Hamilto-
nian matrix elements as
N t s d R d R f R eyt H f R , .  .  .Hab 1 2 a 2 b 1
H t s d R d R Hf R eyt H f R , 3 .  .  .  .Hab 1 2 a 2 b 1
Fig. 1. Internal coordinates for H SiO used in this work.2
respectively. Associated with these matrices, the
generalized eigenvalue problem is defined as
m
H t yL t N t d t s0 , 4 .  .  .  .  . ab k a b k b
bs1
 .  .with d t being the k th eigenvector and L t itsk k
w xassociated eigenvalue. It has been shown 19,20 that
lim L t sE , 1FkFm , 5 .  .k k
t™‘
  .4as long as the basis set f R has some overlapa
 4with the eigenstates F , and is linearly independent.i
The CFQMC consists of computing the matrix ele-
 .ments defined in Eq. 3 using Monte Carlo methods.
In particular, we utilize two versions of the CFQMC
method: the variational Monte Carlo version, which
 .  .considers ts0 in Eqs. 3 and 4 , and the diffusion
Monte Carlo. As the purpose of this Letter is not the
discussion of the method we refer the interested
w xreader to Refs. 19,20,22–25 .
The trial basis set utilized in this Letter is the one
w xpropose by Acioli and Soares Neto 24 , which is a
variation of the basis set proposed by Bernu et al.
w x20 to compute the vibrational levels of the water
and formaldehyde molecules. The basis set is based
on an harmonic approximation. For the ground state
we use:
C sexp DS A DS , 6 .0 n n ,h h /
n ,h
and for the excited states we use:
6
nn
˜f sC DS , 7 .  .n ,n ,n ,n ,n ,n 0 n1 2 3 4 5 6
ns1
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Table 1
 4Variational parameters A for the trial ground state wave function of H SiOn ,m 2
 4A SiH SiH SiO H H OH OHn ,m 1 2 1 2 1 2
SiH y9.1269330 3.2013281 1.8619704 0.6371071 y0.0794402 y4.73931751
SiH 3.2013281 y9.1269330 1.8619704 0.6371071 y4.7393175 y0.07944022
SiO 1.8619704 1.8619704 y48.6702356 0.0217145 y2.7337725 y2.7337725
H H 0.6371071 0.6371071 0.0217145 y2.7043377 1.3523291 1.35232911 2
OH y0.0794402 y4.7393175 y2.7337725 1.3523291 y1.8789047 5.07205391
OH y4.7393175 y0.0794402 y2.7337725 1.3523291 5.0720539 y1.87890472
0r 2.7951500 2.7951500 2.8827200 4.6289500 3.6958800 3.6958800n
where DS sr yr 0 , r are the internuclear dis-n i j i j i j
tances between the ith and jth atoms, and r 0 arei
their corresponding equilibrium values. We kept all
the six internal modes in the ground state and excited
Table 2
w xVibrational energy levels for the H SiO molecule. DMC are the results of the present work. Variational are the results of Koput et al. 152
w xusing the variational method. Perturbational are the results of Koput et al. 15 using the perturbational method. Martin are the results form
w x w x y1Ref. 14 . Exp. is the experimental result for the n vibrational mode from Ref. 26 . Energies are in cm2
w x w xAssignment DMC Variational Perturbational Martin 14 Exp. 26
n 676.2 680.1 674.5 679.5 –6
n 688.1 690.9 683.0 691.6 6974
n 985.8 994.3 996.1 992.9 –3
n 1210.8 1206.9 1200.5 1202.9 12022
2n 1344.8 1358.3 1348.9 – –6
n qn 1369.6 1375.4 1349.8 – –4 6
2n 1381.9 1383.8 1357.0 – –4
n qn 1666.8 1670.5 1666.6 – –3 6
n qn 1676.6 1684.2 1682.0 – –3 4
n qn 1883.0 1883.3 1871.4 – –2 6
n qn 1893.0 1893.7 1880.6 – –2 4
2n 1985.3 1985.5 1989.4 – –3
3n 2045.8 – – – –6
n q2n 2058.3 – – – –4 6
2n qn 2079.9 – – – –4 6
3n 2089.4 – – – –4
n 2181.5 2171.0 2163.4 2162.0 –1
n 2194.7 2191.3 2184.5 2186.2 –5
n qn 2202.4 2202.8 2199.5 2198.4 –2 3
n q2n 2355.0 – – – –3 6
n qn qn 2371.0 – – – –3 4 6
n q2n 2390.9 – – – –3 4
2n 2407.0 2403.0 2391.0 – –2
n q2n 2561.1 – – – –2 6
n qn qn 2569.7 – – – –2 4 6
n q2n 2593.5 – – – –2 4
2n qn 2659.7 – – – –3 6
2n qn 2683.3 – – – –3 4
4n 2729.0 – – – –6
n q3n 2744.4 – – – –4 6
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trial functions. These internal modes are denoted by
r , r , r , r , r and r , according toSiH SiH SiO OH OH H H1 2 1 1 1 2
 4Fig. 1. The variational parameters A are opti-nh
mized in order to minimize the variational energy of
w  .xthe ground state n s0 in Eq. 7 or its variance,n
within the framework of the standard variational
 .Monte Carlo VMC method. Our choice of guiding
function C to generate the random walks in the
Metropolis sampling is
1rGw xCs C , 8 .0
where G is chosen in order to assure a good integra-
tion of all states included in our calculation.
3. Results
In this section, we present the results of the
CFQMC method for the computation of vibrational
states of H SiO. For this calculation we optimized2
 4the parameters A minimizing first the local en-n ,m
ergy associated with the ground state guiding func-
.tion . After this first optimization, we reoptimized
the parameters by minimizing the variance of the
local ground state energy. The optimized parameters
are shown in Table 1.
For the excited state calculation, at the variational
Monte Carlo level, we included all basis function
6  .such as  n F5 in Eq. 7 , in a total of 462 basisis1 i
functions. We believe the variational basis functions
to be good up to 3500 cmy1. At the diffusion Monte
Carlo level, when we project the excited states from
the improved trial basis set, we kept 60 states. In
order to assign the quantum vibrational numbers we
have taken the fundamental frequencies and we de-
termined the classical energies in a classical fashion
 .as E n ,n ,n ,n ,n ,n sn E qn E qn E q1 2 3 4 5 6 1 1 2 2 3 3
n E qn E qn E . Where n corresponds to the4 4 5 5 6 6 1
symmetric SiH stretch mode, n to the SiO stretch,2
n to the symmetric HSiO bending mode, n to the3 4
out-of-plane bending mode, n asymmetric SiH5
stretch, and n to the asymmetric HSiO bending6
mode. Our results obtained from the CFQMC calcu-
lations are displayed in Tables 2 and 3, along with
the results of Koput et al. on the same PES using the
traditional variational and perturbational approaches,
the fundamental frequencies calculated by Martin
and one experimental value n fundamental fre-2
Table 3
Vibrational energy levels for H SiO molecule. DMC are the2
results of the present work. Variational are the results of Koput et
w xal. 15 using the variational method. Perturbational are the results
w xof Koput et al. 15 using the perturbational method. Energies are
in cmy1
Assignment DMC Variational Perturbational
2n q2n 2766.7 – –4 6
3n qn 2793.8 – –4 6
4n 2825.6 – –4
n qn 2836.0 2843.8 2836.41 6
n qn 2849.2 2855.0 2844.31 4
n qn 2863.7 2866.1 2853.95 6
n qn qn 2875.2 – –2 3 6
n qn 2880.1 2873.1 2858.04 5
n qn qn 2897.1 – –2 3 4
3n 3030.2 – –3
n q3n 3064.4 – –3 6
n qn q2n 3069.3 – –3 4 6
n q2n qn 3080.5 – –3 4 6
n q3n 3096.6 – –3 4
2n qn 3102.5 – –2 6
2n qn 3127.2 – –2 4
n qn 3146.7 3152.6 3154.11 3
n qn 3164.2 3172.5 3167.83 5
n q2n 3203.5 – –2 3
n q3n 3239.9 – –2 6
n qn q2n 3270.4 – –2 4 6
n q2n qn 3290.3 – –2 4 6
n q3n 3329.5 – –2 4
2n q2n 3361.7 – –3 6
2n qn qn 3394.2 – –3 4 6
2n q2n 3407.5 – –3 4
n qn 3414.6 3370.5 3368.71 2
n qn 3424.9 3399.3 3386.42 5
5n 3481.9 – –6
. w xquency 26 . One can see that there is a reasonable
agreement between our results and the results from
the variational approach.
4. Conclusion
In this work, we report the use of CFQMC calcu-
lations of the vibrational modes of planar silanone
 .H SiO . We present the eigenvalues of the planar2
vibrational modes, up to the fifth excited vibrational
mode, up to 3500 cmy1. These results are of great
importance, as H SiO is highly reactive and experi-2
mental and theoretical results are scarce. Our results
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are in agreement with the results reported by Koput
et al.
We are currently expanding our calculations to
include the rotating wavefunctions proposed by Pru-
w xdente et al. 23,25,27 , to compute the rovibrational
 .modes, up to Js2, for the silanone H SiO2
molecule.
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